Leukocytes are known to participate in ovarian activities in several species, but there is a surprising lack of information for the common chicken. Broiler hens consuming feed ad libitum (AL) exhibit a number of ovarian irregularities, but leukocyte functions are unstudied. In contrast to feed-restricted (R) hens, AL feeding for 7 wk significantly reduced egg production and clutch length while increasing pause length and atretic follicle numbers (P , 0.05). Granulosa cells from F1 follicles of AL hens contained less progesterone, and follicle walls were thicker with loose fibrous morphology and had less collagenase-3-like gelatinolytic activity but more IL-1beta (P , 0.05) production, suggestive of slower maturation in ovulatory process and inflamed necrosis. Interestingly, while highly infiltrated with immune cells, particularly heterophils, IL-1beta, MMP-22-like, and gelatinase A activities were reduced in AL hen peripheral heterophils and monocytes (P , 0.05); however, AL monocytes showed an increase in phagocytosis rate (P , 0.05). Generation of reactive oxygen intermediates was also suppressed in AL heterophils but increased in AL monocytes (P , 0.05). In contrast to leukocyte-free control, both AL and R heterophils and monocytes suppressed progesterone production and increased cell death in a dose-dependent manner when coincubated with granulosa cells at different ratios (P , 0.05). AL monocytes suppressed progesterone production more, but AL heterophils were less proapoptotic when compared to their R counterparts (P , 0.05). Alterations of cellular ceramide content (P , 0.05) corresponded to the discrepancy between heterophil and monocyte functionality. In conclusion, leukocyte dysfunction contributes to impaired ovarian activities of overfed broiler hens.
INTRODUCTION
In mammals, it is well documented that leukocytes bound within the ovary act as in situ modulators of ovarian activities, such as follicle maturation and ovulation, through secretion of regulatory factors [1, 2] . The ovulation process requires intensive tissue remodeling that is dependent largely on fibroblast mobilization, production of soluble mediators, disintegration of the connective tissue elements, and an acute inflammatory reaction including leukocyte recruitment, migration, and activation for release of regulatory factors such as cytokines, proteases, and reactive oxygen intermediates [1, 2] . Less is known about the role of leukocytes in avian ovarian functions per se. Nili and Kelly [3] identified macrophages as operative in the process of spontaneous yolky follicle atresia in leghorn and broiler hens, describing follicle leakage and release of yolk into ovarian stroma as ''bursting'' in accordance with observations of Gupta et al. [4] . Sundaresan et al. [5] investigated the actions of leukocytes in the avian postovulatory follicle, noting the involvement of cytokines and chemokines. No literature was found that characterized follicular proteolytic activities involved in the ovulation of domestic fowls.
Egg production is impaired in broiler hens when allowed access to unlimited amounts of feed [6] [7] [8] . We were the first to recognize that feed-satiated broiler hens also developed obesity-associated dyslipidemia similar to humans with metabolic syndrome and exhibited some ovarian manifestations that resembled those of women with polycystic ovary syndrome (PCOS), namely, enlarged cystic ovarian follicles in association with inflammation and follicle atresia [8] [9] [10] . We next showed that feed-satiated broiler hens experienced in situ lipotoxic and proinflammatory changes, including ceramide accumulation, increased IL-1b production, and immune cell infiltration in conjunction with reduced Akt activity in the ovarian hierarchical follicles [11, 12] . Based on these observations, we hypothesized that immune cell functions in broiler hens could also be influenced by feed intake and may contribute to ovarian dysfunction observed in feed-satiated broiler hens.
MATERIALS AND METHODS

Animal Management
Arbor Acres Plus FF (Fast Feathering) broiler breeder hens, 23 wk old with an average weight of 2.8 kg, were purchased from a local breeder farm (Tai Yi Breeder). Ambient environmental temperatures and humidity ranged from 328C to 378C and from 60% to 80%, respectively, during the experimental period. To accommodate these environmental conditions, birds were reared to the point of purchase by the breeder farm using a modified feeding protocol in order to reduce heat stress and enhance egg production. This protocol results in a body weight for age that is 5%-10% below primary breeder recommendations [13] . All bird husbandry and tissue collections were conducted in accordance with an approved animal care protocol of the National Chung University, Taiwan. Details of the management of the flock were described previously [11] . Starting at age 26 wk, 30 birds were continued with a breeder-recommended restricted feeding protocol [13] and were designated as restricted (R), while the remaining 60 birds were provided with sufficient feed for ad libitum consumption and were designated as ad libitum (AL). All hens were maintained under 308C À338C and 50%-60% humidity during these studies.
Necropsy, Ovarian Morphology, and Tissue Collection
At age 33 wk, nine hens from both the AL and R groups were randomly selected for necropsy from those hens with average clutch length (successive egg laying day) greater than 3 days and having laid an egg on the preceding day. Necropsy was performed immediately 2 h after expected ovulation (3 h after oviposition, as ovulation typically occurs within 1 h after ovipositon) [14] . Overnight fasted hens were anesthetized with isoflurane prior to heart blood collection and removal of ovarian follicles. Weights of tissues and individual follicles were recorded. Of the nine F1 follicles collected from each feeding group, six were used to determine progesterone content, interleukin-1b (IL-1b) production, and matrix metalloproteinase (MMP) activity. The remaining three follicles were used for histological examination and immune cell infiltration analysis as described in the next section. Shrunken follicles (.10 mm in diameter) containing dark yellowish to brown yolk and surrounded by loose, nonadherent connective tissue were noted and classified as atretic [8, 12] .
Histochemistry and Immunohistochemistry
Hierarchical follicles were fixed in 4% formaldehyde and embedded in paraffin prior to processing for hematoxylin and eosin (H&E) staining by the Histology Service of the National Chung Hsing University, Taiwan. Tissue sections from the midline area of the stigma strip were imaged following H&E staining using a microscope (DMIRB; Leica), and the images were analyzed using MetaVue (Visitron) computer software. Immune cell infiltration into the follicle walls was visualized by antigen retrieval. Embedded tissue sections were dewaxed in xylene twice for 15 min each and rehydrated in a graded series of alcohol solutions (100%, 95%, 90%, 80%, and 70%) using two rounds of 5-min intervals at each step. Sections were washed with distilled water prior to unmasking antigens by boiling sections in citrate buffer (10 mM, pH 6.0) for 15-20 min. After cooling, sections were soaked in H 2 O 2 (3% in PBS) for 5 min to quench the endogenous peroxidase. Sections then were washed with PBSTween 20 (0.1%) buffer 3 3 3 min, blocked in 10% bovine serum albumin (BSA) in PBS-Tween 20 buffer for 30 min, and probed with a mouse monoclonal antibody conjugated with FITC (KUL01, Abcam), which is specific to monocytes and macrophages of avian species [15] . Sections were imaged using a fluorescence microscope (DMIRB).
Determination of F1 Follicle Granulosa Cell Progesterone Content
Progesterone content of the granulosa cells from six F1 follicles collected from each feeding group was determined by ELISA assay. Briefly, F1 hierarchical follicles were quickly immersed in ice-cold Hanks Balanced Salt Solution (HBSS), and granulosa cells layers were collected exactly as described by Gilbert et al. [16] . Granulosa layers were homogenized in 0.5% Triton X-100, 10 mM Tris, and 1 mM EDTA. Aliquots of the homogenates were used for protein content determination and for steroid extraction in a mixture of isooctane and diethyl ether (4:1, v/v) with vortexing for 3 min [17] . Extracts then were frozen in a dry ice/ethanol bath, and the top ether layer was collected. The extraction procedure was repeated one time. The collected solvent samples were dried under vacuum and reconstituted in the assay buffer supplied in the kit. An aliquot of the extracts was used for progesterone concentration determination using a chicken-specific commercial ELISA kit (Biosource EU) [18] . Serial dilutions of the extracts were used to validate the assays. Recovery rate of the extraction procedure using purified progesterone was 89.2 6 2.9%. The intra-assay coefficient of variation (CV) for a single pool of F1 follicle granulosa layers was 6.8%.
Isolation of Peripheral Heterophils and Monocytes
Hens at 30-35 wk of age were selected using the same criteria described in the previous section in order to isolate peripheral heterophils and monocytes as described previously [19, 20] . Briefly, blood samples were diluted 1:1 in RPMI-1640 medium (1:1; Gibco) and then centrifuged at 35 3 g for 15 min at 48C. The resultant supernatant was mixed with Ca 2þ -and Mg 2þ -free HBSS solution (1:1; Gibco) and layered onto discontinuous Histopaque 1077 and Histopaque 1119 gradients (Sigma) to isolate monocytes and heterophils, respectively. Prepared samples were centrifuged at 200 3 g for 1 h at 48C. Cellcontaining histopaque layers were collected, washed with RPMI-1640 (1:1), and then pelleted by centrifugation at 485 3 g for 15 min at 48C. Cells from two hens were pooled for each gelatinolytic MMP activity, IL-1b secretion, and respiratory burst analysis. Phagocytic activity and ceramide and sphingomyelin content were determined for immune cells for each of nine hens from both feeding groups.
Sphingomyelin and Ceramide Content Determination
Cellular and plasma ceramide content were determined spectrofluorometrically following alkaline hydrolysis of sample ceramide to free sphingoid bases at 1008C for 150 min and derivatization with naphthalene-2,3-dicarboxyaldehyde [11, 21, 22] . The derivatized compounds were separated using an HPLC system comprised a pump (LC-10AD, Shimadzu), reverse-phase column (LiChroCART100RP; Merck), fluorescence detector (F-4500; Hitachi), and data analysis system (FL solution, Hitachi). Separated fluorescent products were detected using an excitation wavelength of 252 nm and an emission wavelength of 483 nm. Total ceramide content was calculated by subtracting the sphingoid base content of unhydrolzyed samples from the amounts found in hydrolyzed samples. A thin-layer chromatography-gas chromatography (TLC-GC) method was used for cellular and plasma sphingomyelin separation and quantification exactly as described in our previous report [11] .
Respiratory Burst and Phagocytosis Analysis
Generation of oxidative radicals was measured using a luminol-dependent chemiluminescence method [23] . Briefly, isolated heterophils or monocytes (2 3 10 6 cells) were incubated with 1 ml of freshly made luminol (4 3 10 À4 M in HBSS containing 0.05 M Na 2 CO 3 , 0.3 M NaHCO 3 , 5 mM NH 4 CO 3 , and 1.5 mM CuSO 4 ) in the absence or presence of phorbol 12-myristate 13-acetate (PMA; final concentration 5 ng/ml; Sigma). Luminol-dependent chemiluminescence was measured immediately in a Triathler luminometer (Hidex). Cellular phagocytosis was measured by a zymosan-dependent method [24] . For this assay, freshly prepared cells (2 3 10 6 ) were incubated with Zymosan A Bio Particles (50 ng/ml; Invitrogen) at 378C for 30 min in the dark, centrifuged at 10 3 g for 10 min, and washed twice with HBSS solution. Flow cytometry (Cytomics FC 500 Flow Cytometry; Beckman Coulter) and Cell Quest Pro software (Becton Dickinson) were used to measure phagocytosis by cells suspended in HBSS on the basis of total cells.
Gelatinolytic Zymography Analysis of MMP Activity
Washed heterophils or monocytes (1 3 10 7 cells/ml) were cultured in RPMI-1640 medium in the presence or absence of 1 lg/ml lipopolysacchrides (LPS; Escherichia coli, 026:B6, L8274; Sigma) for 2 h at 378C. Cells were suspended by repeated manual aspiration and then pelleted by centrifugation at 400 3 g for 10 min to facilitate supernatant collection. Approximately 200 mg of F1 follicle wall devoid of the granulosa layer were solubilized in a gentle RIPA buffer (0.15 M NaCl, 1% NP-40, 50 mM Tris-HCl, 1 mM EDTA, pH 7.4) by homogenization. Homogenates were then vortexed and placed on ice for 30 min prior to centrifugation at 12 000 3 g for 10 min to pellet solids and facilitate supernatant harvest. Supernatants collected from culture medium of heterophils and monocytes or from F1 follicle wall extracts were tested for proteolytic activities using gelatinolytic zymography as described previously [25, 26] . Briefly, sample proteins were separated in a nonreducing, 10% SDS-PAGE gel containing 0.3% gelatin. After protein separation, gels were soaked in 2.5% Triton X-100 buffer for 30 min to renature proteinases and then developed in 50 mM Tris buffer (containing 200 mM NaCl, 0.02% Brij-35, and 5 mM CaCl 2 , pH 7.4) at 378C for 16 h. Standards used to assess the molecular weight (MW) of proteolytic enzymes included human serum and saliva whose proteolytic fragments of gelatin have been shown previously [25, 26] .
Western Blot Analysis
Approximately 1 3 10 7 heterophils or monocytes were cultured in RPMI-1640 medium in the presence or absence of 1 lg/ml LPS for 4 h at 378C. After cell suspension and pelleting by centrifugation at 400 3 g for 10 min, medium was collected and concentrated (153) further using a centrifugal concentrator with a MW cutoff of 5K (Millipore). The concentrated medium or pieces of collected follicle walls devoid of the granulosa layer were used for total protein extraction using RIPA buffer (0.15 M NaCl, 0.1% SDS, 0.5% sodium deoxycholate, 1% NP-40, 50 mM Tris-HCl; pH 7.4, protease inhibitor cocktail LIU ET AL. comprising 2 mM PMSF, 50 mM NaF, 10 mM Na 4 P 2 O 7 , and 2 mM Na 3 VO 4 ). Western blot analysis was conducted as described previously [11, 12] . A rabbit anti-chicken IL-1b primary antibody was purchased from Abcam. A horseradish peroxidase-conjugated secondary antibody (Cell Signaling Technology) was used to identify the bands reactive to the primary antibodies through an enhanced chemiluminescence method (Pierce Biotechnology Inc.).
Coculture of Granulosa Cells with Immune Cells for Apoptosis and Progesterone Analysis
Granulosa cell cultures were prepared using cells isolated from F2 and F3 follicles [16] . This was done to avoid F1 follicle terminal-differentiationassociated cellular senescence, which can interfere with treatment responses [27] . In each coculture experiment, granulosa cells were collected from two actively laying, 33-35-wk-old R hens, and monocytes and heterophils were collected from another two R or AL hens. Dispersed granulosa cells (1 3 10 6 cells) were cultured as described in our previous study [12] . In brief, cells were seeded in six-well plates with 2 ml/well M-199 medium (Gibco). The M-199 medium contained 10 mM HEPS, 18 mM NaHCO 3 , 1% antibiotic/antimycotic solution containing penicillin and streptomycin (Gibco), and 10% fetal bovine serum (Gibco), pH 7.4, at 378C with 5% CO 2 [12] . After 2 days, cells were provided with new progesterone-free medium and cocultured with monocytes or heterophils isolated from AL and R hens at different ratios (1:10, 1:25, 1:50; immune cells:granulosa cells) for another 2 days. A parallel control was used for precise cell number counting before immune cell supplementation. Progesterone concentration of medium harvested from individual cultures was measured as described above and expressed as a function of total cell number. The intra-assay CV for a single pool of collected media was 5.2%.
Apoptosis of harvested cells was determined by FITC-Annexin-V/ propidium iodide (PI) staining and cytometry sorting as described previously [12] . Results of early (defined as FITC-annexin V-positive and PI-negative) and late (FITC-annexin V-and PI-positive staining) stage apoptosis in cells were pooled to calculate total cell death.
Statistics
Data were analyzed by one-way ANOVA in which feed intake level, AL or R, and ratio of immune cells to granulosa cells were the classifying variables. Differences due to feeding levels were tested by Student t-test, and treatment differences among different ratios of immune cells to granulosa cells were tested using the LSD procedure. Values were expressed as means 6 SEM. All statistical procedures were carried out using SPSS Statistics Base 19.0, Mean differences were considered significant at P , 0.05.
RESULTS
Feed Intake, Body Weight, Reproductive Performances, and Ovarian Characteristics At 33 wk, the average body weight of R hens was 3.16 6 0.10 kg, the target weight for the modified feeding program used in the summer in Taiwan. In contrast, the average body weight of AL hens was 3.87 6 0.11 kg (P , 0.05). AL hens showed the obesity-associated increases in plasma nonesterified fatty acids, triacylglycerol, sphingomyelin, and ceramide concentrations (P , 0.05; data not shown), similar to those of the previous study [11] . Egg production was reduced in AL hens due to both shorter clutch length and longer pause length (P , 0.05; Table 1 ). Additional ovarian abnormalities exhibited by AL hens included increased numbers of hierarchical follicle concomitant with an increased incidence of follicle atresia and reduced weight of F3-F5 hierarchical follicles (P , 0.05; Table 1 ). Weights of the apparent F1 and F2 follicles in AL hens were not different from those of R hens, but yolks from AL hen eggs were heavier (P , 0.05) compared to those of R hens (Table 1) .
FIG. 1. Granulosa cell progesterone concentration, IL-1b content, and gelatinolytic MMP activity of F1 ovarian follicle of broiler hens consuming different amounts of feed. Hens were selected for necropsy using criteria described in Table 1 . Progesterone concentration (A) and IL-1b content (B) were determined using ELISA and Western blotting, respectively. MMP activity (C) was determined by gelatinolytic zymography. IL-1b and MMP values were obtained by densitometric scanning, and IL-1b results were normalized to b-actin for individual determinations. Values are expressed as means 6 SEM (n ¼ 6) relative to those of hens in the restricted feeding group. Means bearing * differ across feeding levels at P , 0.05. 
IMMUNE CELL FUNCTIONS IN OVARIAN ACTIVITIES OF BROILER HENS
Characterization of Follicle Maturation and Ovulatory Process
Progesterone content of the F1 follicle granulosa cells was reduced in AL hens, while proinflammatory IL-1b content was increased (P , 0.05; Fig. 1, A and B) , suggesting impaired steroidogenesis in follicle maturation with inflammatory progression. To assess the potential for stigma rupture, follicle MMP activity was examined; MMPs catalyze tissue matrix degradation leading to follicle rupture. By using human serum and saliva as a reference, as its MMP profile is known for gelatinolytic zymography (data not shown) [25, 26, 28] , two bands around 72 kDa corresponding to the zymogen and active forms of gelatinase A and another two faint but noticeable bands around 55-kDa MW likely corresponding to human collagenase-3 (MMP-13)-like activity [29] were observed in the F1 follicle wall extracts (Fig. 1C) . Peripheral monocytes and heterophils isolated from broiler hens demonstrated a MMP activity around MW 72 and 200 kDa, respectively (data not shown). The 200-kDa MMP may represent the MMP-22, a chicken-specific member in the MMP superfamily [30, 31] . Protein extracts from the F1 follicle wall gave rise to two bands around 72-kDa MW, putatively gelatinase A, and another two bands around 55-kDa MW, putatively a collagenase type 3-like protein. AL hens exhibited no change in the 72-kDa, putative gelatinase A activity band but showed a significant reduction in gelatinolytic activity within the 55-kDa region (P , 0.05; Fig.  1C ).
Histology and Leukocyte Infiltration in the F1 Follicle
Histological studies with H&E-stained F1 follicle preparations suggested that ad libitum feeding caused the fibrous structures of the thecal layer to widen by adopting a loose LIU ET AL. arrangement with the boundary between the theca externa and granulosa layers with a severely disintegrated appearance (Supplemental Figure S1A ; available online at www. biolreprod.org). A greater infiltration of immune cells (indicated by arrows), particularly heterophils, were observed within the connective tissue and theca interna layer of AL hen follicles (Supplemental Figure S1B) . Finally, monocytes/ macrophages identified by antibody tagging showed a more widespread tissue infiltration in AL hens compared to R hens extending across the outer connective tissue, theca externa, and theca interna layers of the follicle wall (Supplemental Figure  S1C) .
MMP Release, IL-1b Production, Respiratory Burst, and Phagocytosis in Leukocytes
Despite an apparent increase in the number of immune cells within the follicle wall, the functionality of individual immune cells was compromised in AL hens. Both basal and LPSinduced IL-1b release from cultured heterophils and monocytes were reduced by ad libitum feed intake (P , 0.05; Fig. 2, A  and B) . Protein concentrates from postincubation media of broiler hen monocytes and heterophils gave rise to bands of MW 72 kDa and 200 kDa of putative gelatinase A and MMP-22, respectively. Gelatinolytic MMP activities of both heterophil and monocyte cultures were also reduced in AL hens (P , 0.05; Fig. 2, C and D) . Similarly, heterophil capacity to generate reactive oxygen intermediates under both basal and PMA-stimulated conditions was reduced in AL hens (P , 0.05; Fig. 3 ). Interestingly, ROS-generating ability was significantly increased in monocytes isolated from AL hens (P , 0.05; Fig. 3 ). Phagocytotic activity of heterophils was similar for AL and R hens but significantly greater in AL hen monocytes (P , 0.05; Fig. 4 ).
Progesterone Production and Cell Apoptosis of Granulosa Cells Cocultured with Leukocytes
To mimic the physiological effect of leukocytes on follicle activities, 2-day-cultured primary granulosa cells were cocultured an additional 2 days with leukocytes at various cell ratios (1:10, 1:25, 1:50; leukocytes:granulosa cells). Progesterone secretion and cell apoptosis were then measured in cultured cells. In contrast to leukocyte-free control preparations (blank, 0), both peripheral heterophils and monocytes suppressed progesterone production and promoted cell death in a dosedependent manner (P , 0.05; Fig. 5 ) with the 1:50 being similar to blank for both heterophils and monocytes. However, the ability to suppress progesterone production was similar for R and AL heterophils and appeared dependent primarily on cellular ratios, while monocytes showed distinct actions based on hen treatment group. At higher ratios (1:10, 1:25), AL monocytes exerted a consistent and profound ability to suppress progesterone production that was greater (P , 0.05; Fig. 5A ) than that of R monocytes. However, apoptosis showed a greater increase with R heterophil addition, increasing from about 28% in 1:50 cultures to 30% and 33% for 1:25 and 1:10 cocultures, respectively (Fig. 5B) . Granulosa cells cultured for 2 days without leukocyte additions (controls) exhibited a 14% incidence of apoptosis. Addition of AL heterophils in any ratio caused 20%-24% incidences of apoptosis that were similar to one another but significantly greater than control cultures. Monocyte addition from either diet group had similar effects, doubling the apoptosis incidence to about 30%, albeit R hen monocyte 1:10 cocultures had a greater effect (36%; P , 0.05) than 1:25 or 1:50 coculture with a similar incidence of 31% (P , 0.05). were incubated in HBSS solution containing Zymosan A Bio Particles (50 ng/ml) at 378C for 30 min in the dark, and a flow cytometry method was used to measure phagocytosis rate. Values are means 6 SEM. Means bearing * differ across feeding levels at P , 0.05 (n ¼ 9 per mean).
IMMUNE CELL FUNCTIONS IN OVARIAN ACTIVITIES OF BROILER HENS
Ceramide and Sphingomyelin Content of Leukocytes
Ceramide and sphingomyelin concentrations of heterophils and monocytes were differently affected by feed intakes. Cellular ceramide content was greater in AL hen heterophils but lower in AL hen monocytes compared to those of R hens (P , 0.05; Fig. 6 ). Sphingomyelin content of both heterophils and monocytes were similar in AL and R hens ( Figure 6 ).
DISCUSSION
This is the first study to show the linkage between leukocyte function and reproductive performance in broiler hens. Voluntary feeding in broiler hens suppressed progesterone production and collagenase-3-like gelatinolytic activities in the F1 follicle while simultaneously increasing F1 follicle IL-1b production and more generalized inflammation. We have further dissected this defect to show that despite being highly infiltrated with immune cells, the F1 follicle of AL hens exhibited impaired ovulation-associated leukocyte function, particularly in heterophils. Leukocyte defects included increased IL-1b production, reduced MMP-22-like and gelatinase A activities, and ROS generation. Both heterophils and monocytes suppressed progesterone production and increased cell death in a dose-dependent manner when coincubated with granulosa cells; however, AL monocytes exhibited a more pronounced ability to suppress progesterone production. Reduced reproductive capacity in broiler hens appears to be a comorbid outcome of obesity-associated metabolic dysfunction leading to deranged lipid metabolism termed ''lipotoxicity'' [8, 11, 12] . A characteristic of lipotoxicity is the accumulation of ceramide and enhanced expression of IL-1b in systemic tissues and within the affected tissues including ovarian follicles [11] and, as shown here, infiltrating leukocytes.
Weights of the apparent F1 and F2 follicles of AL hens were not different from those of R hens, but yolk weights were greater in AL hens than in R hens. The present study was not designed to evaluate this outcome specifically, and several possible mechanisms could be considered. One possibility is 6 cells) were cultured for the 2 days. When medium was changed at Day 3, monocytes or heterophils isolated from hens consuming different amounts of feed intake were added to create cocultures of immune cells:granulosa cells in varying proportions (1:10, 1:25, 1:50). Following 2 days of additional culture, medium progesterone content was determined (A), and harvested cells were used for apoptosis analysis (B) by flow cytometry. Results of early and late stage apoptosis were pooled to calculate total cell apoptosis. Values are means 6 SEM. Means bearing * within the same ratio with immune cell coculture differ across feeding levels at P , 0.05 by t-test. Means bearing different letters within the same feeding level, R or AL, differ significantly among different ratios with immune cell coculture at P , 0.05 by LSD (n ¼ 4 per mean). that excess energy consumption delays the follicle to transit through the F1 position, allowing for increased yolk deposition and thus a greater final weight in the ovulated yolk. The observed reduction in clutch length and reduced F1 follicle progesterone content in AL hens, despite collection at the same time of postoviposition as for R hen F1 follicles, is consistent with but not definitive for this possibility.
Changes in follicle granulosa progesterone concentration and function were associated with alterations in the lipid composition of heterophils and monocytes. A notable increase in leukocyte infiltration occurred in the F1 follicles of AL hens; however, those heterophils and monocytes had reduced MMP activity and IL-1b secretion. Follicle retention may provoke inflammatory cytokine production to recruit additional immune cells in an effort to achieve follicle rupture or remove the retained follicle yolk [32] . However, because the immune cells recruited to the ovaries of lipotoxic hens have reduced gelatinolytic activity, cytokine secretion, and ROS generation, F1 follicle wall degradation may be hampered and the ovulatory process delayed. Further, as leukocytes follow chemokine and cytokine gradients to arrive in the correct location for action [4] , it is possible that the generally increased inflammatory state of AL hens confuses migrating leukocytes and thus precludes effective proteolysis and follicle release, ultimately provoking follicle regression and reproductive dysfunction [11, 12] . These suggestions are supported by dose-dependent suppression of progesterone production and promotion of cell death of granulosa cells cocultured with leukocytes at different ratios.
In many ways, the changes observed in AL hens are similar to the manifestations of PCOS in women [8] [9] [10] . Both patients with PCOS and the mouse model of PCOS exhibited persistent chronic inflammation in the periphery and ovary with elevated cytokine levels and immune cells [10, 33, 34] . Obesity is known to alter macrophage functionality [35] , in part due to altered lipid metabolism, including dysfunctional ceramide metabolism [36] [37] [38] , and to result in tissue-specific dysfunction [39] . Distinctive differences of ceramide content of peripheral heterophils and monocytes thus likely account for the discrepancy of phagocytosis and respiratory burst responses observed in the present study.
In mammals, few MMPs are obligatory for ovulation due to the redundant actions of various MMP of overlapping substrate specificity [40] . An in vitro ovulation system found gelatinase A, membrane-type matrix metalloproteinase 1 and 2 (MT1 and 2-MMP), and TIMP-2 to be responsible for follicle rupture in the medaka [41] . Our demonstration of the role of MMP proteolysis in the ovulation of avian species is the first report of its kind. It would be an important next step to characterize the sources of proteolytic activity in the follicle wall layers.
Interleukin-1b was shown to mediate leptin-induced local or systemic inflammation and immune responses in rodents and in many cell types, including granulosa cells [42, 43] . Interleukin1b stimulates SPM hydrolysis and de novo ceramide synthesis, leading to cell apoptosis [44] , and thus contributes to dysfunction in ceramide metabolism. In cultured human granulosa cells, IL-1b inhibited estradiol production and accelerated progesterone degradation [34, 45] . Within the follicle of AL hens, there is an increase in IL-1b protein and a decline in granulosa progesterone production and follicle wall MMP activities despite increased leukocyte infiltration. When leukocytes of AL and R hens were examined directly, those from AL hens secreted less IL-1b and MMP activity, both at baseline and in response to LPS challenge. These changes could impair follicle maturation with respect to follicle wall rupture for oocyte release.
In conclusion, excessive energy intake by broiler breeder hens allowed to consume feed in unrestricted amounts led to altered lipid metabolism and hormone signaling within the follicle wall and peripheral blood leukocytes. Overeatingimpaired ovarian activities in broiler hens include defects in the operative machinery of immune cells involved in follicle maturation, follicle wall rupture for ovulation, and atresia. The actions of leukocytes in the function of the avian ovary are inadequately understood.
